We demonstrate a new design for a light-scattering microscope that is convenient to use and that allows simultaneous imaging and light scattering. The design is motivated by the growing use of thermal fluctuations to probe the viscoelastic properties of complex inhomogeneous environments. We demonstrate measurements of an optically nonergodic sample, one of the most challenging light-scattering applications.
Introduction
Dynamic light scattering ͑DLS͒ is a well-developed and general technique for studying the dynamics of small objects. Traditional applications have focused on the dynamics of the particles themselves; however, recent developments suggest an alternate interpretation of the data in which the dynamics of the particles are used as a probe of the viscoelastic properties of the surrounding medium. 1 Essential to this is the correct interpretation of DLS data from systems that possess a combination of fluctuating and nonfluctuating contributions; in this case, the light-scattering signal is nonergodic in that the time and the ensemble averages are different. Fortunately, the challenging task of correctly interpreting such nonergodic scattering from highly constrained systems has been addressed. [2] [3] [4] These developments significantly extend the potential applications of DLS, particularly as a probe of local viscoelasticity. They also motivate the extension of its use to probe small regions in heterogeneous systems. For example, DLS could be used to probe the properties of different regions within biological cells. This would complement other techniques that interpret thermal fluctuations of probe particles as measures of local viscoelasticity; these techniques include laser tweezers, polarization interferometry, and imaging the particles directly onto a position-sensitive photodiode. [5] [6] [7] [8] To conveniently collect DLS data from subcellular volumes requires an instrument that provides both a welldefined scattering geometry and independent information about the scattering volume, preferably from an image, to correctly locate the region of interest. An optical microscope is a good candidate platform for such a system. In fact, there have been several implementations of light scattering using optical microscopes. Some have used a strongly focused, hence strongly diverging, beam 9 -11 for illuminations, thus complicating analysis of the scattering geometry and results. Others have operated without regard to the image, 12 thus diminishing the value of using the microscope as a platform. In this paper we present a simple but robust implementation of DLS on an optical microscope. It combines high-quality imaging with light scattering from well-defined regions and at well-defined scattering angles. This instrument can study particular small volumes, perhaps subcellular volumes 13, 14 ; it also facilitates DLS from highly absorbing samples by simplifying the collection of data from samples so thin that absorption is not a problem. The instrument described here takes full advantage of both the formalism and the applications of DLS and of the microscope as a highly engineered, well-understood, and easy to operate optical platform.
Previous implementations of DLS on a microscope have had two basic designs. In the first design, 12 a laser beam of several millimeters in diameter is directed by mirrors onto a microscope stage, and the scattered light is collected in a plane conjugate to the microscope's back focal plane. This scheme allows both imaging and scattering but suffers from the problems of the confined geometry typical of microscopes, complicating the alignment of the scattering beam. In the second design, 13, 15, 16 the collimated illuminating beam passes through either the con-denser or objective, forming a submicrometer spot in the image plane. An aperture or fiber either in the sample itself or in a conjugate image plane collects scattered light. Although simplifying the alignment of the scattering beam, because light is collected in the image plane, the analysis of scattering departs from that of traditional DLS 17 because the detected light contains contributions from many different scattering vectors. Furthermore, there is a fundamental trade-off between the statistical advantages of large sample volumes and the specificity of small scattering volumes. This trade-off comes from two factors-first, the diffraction limit requires that smaller volumes have a larger range of input wave vectors, smearing out the scattering geometry. Second, for small numbers of scatterers, number fluctuations are potentially problematic.
In our design we overcome the primary limitations of both of these classes of design. We take advantage of modern optical components to mount the laser source for the scattering directly on the microscope, yielding a more robust and easily aligned arrangement that exploits the high-quality optics already incorporated in the microscope. We also collect the scattered light from the back focal plane of the microscope, ensuring that the scattering vectors are well defined, thereby allowing a more straightforward interpretation of the DLS data. In addition, by directly using the microscope optics, we are able to image and scatter simultaneously from the sample, fully exploiting the advantages of using a microscope for DLS.
Because one of the goals of this application of DLS is to measure the local viscoelastic properties of materials, and because highly elastic materials will typically result in optically nonergodic scattering, we also incorporate methods for obtaining a true ensemble average of the scattering signal. This is important for an accurate interpretation of the data. However, this is complicated for scattering from small volumes of highly inhomogeneous samples. Thus careful consideration of the correct averaging is important.
Optical Design
We use an inverted microscope for our light scattering. A schematic of the optical path is shown in Fig.  1 . The laser source for DLS follows a light path beginning above the condenser. To obtain a collimated laser beam at the sample, we focus the source laser on the condenser aperture or iris; a beam focused at this point will be collimated in the sample with a reasonable diameter and little divergence. By contrast, if we had simply directed a collimated beam down the condenser axis, the condenser would focus it in the sample plane, resulting in a highly divergent source comprising a large range of incident angles. This is not optimal for DLS. In detail, a collimated beam with diameter d in the condenser aperture is focused to a waist in the sample with diameter d s ϭ ͑4͒͞ F͞d ϳ , where is the photon wavelength and F is the condenser focal length. By way of contrast, in our design the beam is focused onto the condenser aperture by placing a lens in the field iris ͑Fig. 1͒. The condenser can be thought of as a relay optic, producing an image of the collimated beam waist at the field iris in the sample plane. The size of the reimaged spot is smaller by M, the easily measured condenser magnification. That is, d s ϭ d͞M ϳ 5 Ϫ 100 m. To control the illumination angle, we generally keep the illuminating beam coaxial with the microscope's optical axis. As the illuminating beam is moved off of, but parallel to, the optic axis, the beam waist in the sample will rotate about the center of the image plane producing oblique illumination 13 and allowing collection of a larger range of scattering angles.
The collection optics begin with a microscope objective with a large numerical aperture ͑NA͒. In the back focal plane ͑BFP͒ of the objective, all parallel rays are brought to a point, so by collecting light from a point in the BFP, we collect light scattered through the same scattering wave vector q. Moreover, for illumination along the optical axis, the scattering angle depends simply on the distance between the collection fiber and the center of the BFP, ␦x ϳ sin , allowing us to calculate the scattering wave vector q ϭ 4 sin͑͞2͒͞n, where n is the index of refraction with the sample. Unfortunately, the BFP is incon- Fig. 1 . Design of the DLS microscope. An Ar ϩ -ion laser beam ͑514.5 nm͒ is delivered by an optical fiber, collimated, and then focused on the condenser aperture of a Leica Model DM IRB͞E inverted microscope. The sample is first imaged, and then the condenser aligned for Köhler illumination. In Köhler illumination the condenser aperture is conjugate to the objective's back focal plane ͑BFP͒. In this configuration, the laser beam is collimated in the sample plane ͑SP͒. The back focal plane of our 100ϫ, 1.4 numerical aperture objective is imaged onto a translation stage that moves a single-mode fiber, varying the scattering vector that is collected. The collection fiber is split to two photomultipliers ͑Hammamatsu, Model H5783͒. The photomultiplier output is filtered by Brookhaven amplifier discriminators and then fed to a Model BI9000 correlator.
veniently located slightly inside the exit pupil of most objectives. We therefore construct a projection system to make the BFP available in a more accessible plane where a single coherent mode is collected by a single-mode fiber. The fiber is mounted on a translation stage, allowing adjustment of ␦x, hence the scattering angle. Millimeter displacements of this fiber produce changes in the scattering angle of the order of 10°.
In detail, we mount the illumination on an inverted microscope ͑Leica, Model DM IRB͞E͒ by building a platform between the condenser and the field iris. On this platform we mount our source laser. For some experiments, we use a laser diode, operating at Ϸ 680 nm, mounted directly on the platform and imaged with collimating optics and a dichroic beamsplitting mirror onto the condenser aperture. Alternatively as depicted in Fig. 1 , we use a single-mode optical fiber to direct light from the 514.5-nm line of an Ar ϩ laser onto collimating optics mounted on the platform; a dichroic beam-splitting mirror then directs the beam to the condenser aperture. The focusing lens in the field iris makes a beam waist in the condenser that is in turn relayed into a spot in the sample of diameter d s ϭ d͞M. The condenser magnification M is typically approximately 25 for a large NA oil-coupled condenser. Note that, without this lens, a 1-mm-diameter beam of light with Ϸ 500 nm would be focused to a submicrometer spot in the focal plane with a spread of input angles of nearly a full radian. With the lens, a 1-mm-diameter beam forms a spot of 40 m in diameter with a divergence angle of less than 10 mrad. We can easily manipulate the beam size by adding enlarging or reducing telescopes before the field diaphragm lens. Moreover, these rigidly mounted illumination optics are not much more difficult to assemble than standard goniometer-based DLS illumination systems; however, the microscope tends to be more robust and stable.
The collection optics used in our apparatus begin with a plan-apochromatic 1.4 NA, 100ϫ lens. This objective collects light from input angles as large as 72°off normal. If this light has been refracted from an aqueous sample, exit angles as large as 90°in the sample will be collected. Using a phase telescope mounted in the camera port of a trinocular head, an image of the BFP is projected onto a film plane on a standard camera lens mount. The image of the BFP is formed with a NA of approximately 0.03. Light is collected by an angularly underfilled single-mode fiber of NA ϭ 0.1, mounted on a translation stage that is in turn fitted to a camera lens mount. Manual adjustment of the translation stage allows determination of the location of the bright, unscattered beam at q ϭ 0. By scattering off of a graticle with bars positioned every 10 m, we calibrate the relation between ␦x and q, thereby determining the scattering vector. To perform DLS experiments, we place a sample on the microscope, visually focus, divert light to the scattering port, and position our fiber at a desired q. The detection fiber is split into two arms that each illuminate a photomultiplier tube ͑PMT͒ ͑Hammamatsu, Model HC120͒. The PMT's are connected through an amplifier discriminator to an electronic correlater ͑Brookhaven, Model BI9000͒. The temporal correlation of a single PMT includes an artifact that is due to the production of extraneous afterpulses by electrons misnavigating the dynode chain in a small fraction ͑Ͻ1%͒ of photon counts. By cross-correlating two signals, with uncorrelated afterpulsing events, the desired DLS signal is obtained, essentially free from this artifact. To allow the study of slow dynamics, the microscope must be mechanically rigid and vibration isolated. Thus, in addition to working on a vibration-isolated floating table, we use rubber pads placed between the table and the microscope that significantly reduce acoustic coupling to the microscope's natural frequency, which is near 100 Hz.
Experiment
To demonstrate the utility of this arrangement for DLS, we first investigate the scattering from a standard sample of polystyrene spheres. As a solvent, we use a mixture of water and glycerol, chosen to slow the diffusion so that the measured correlation function decays on time scales similar to those of the agarose sample discussed below. The spheres are 0.5-m-diameter polystyrene ͑Molecular Probes, Model F-8812͒, and the illumination source is the 514.5-nm line of an Ar ϩ -ion laser coupled ͑from another lab͒ through a 45-m-long single-mode fiber. We show some typical correlation functions, measured at different scattering vectors in Fig. 2 , where we plot the normalized intensity autocorrelation function:
One advantage of the microscope as a scattering platform is the ease with which thin samples can be studied. This is particularly advantageous for strongly scattering or absorbing systems. In Fig. 3 we can see the results of scattering from a sample of carbon black ͑Model VulcanXCT2R from Cabot͒ at 4 wt. % in mineral oil ͑viscocity of 55 cP at 25°C͒. At this concentration, the sample is completely black, making DLS in a traditional setup impossible. However, when inserted in a small capillary used for microscopy, the absorption is reduced to a tolerable level, and good quality data can be obtained. The carbon black consists of 30-nm particles assembled into widely polydisperse half-micrometer aggregates that in turn can form more-complex structures. The diffusion observed here is sufficiently slow that it must be due to the motion of the large structures rather than the 30-nm particles or the submicrometer aggregates. Although DLS from this sample is feasible with a traditional apparatus, it is particularly straightforward with the microscope. These data show our ability to perform DLS on strongly absorbing materials, a particularly challenging task technically.
We also measure the scattering from a sample that is not optically ergodic to determine the feasibility of using the microscope to exploit DLS to measure the viscoelasticity of samples. We use 0.5-m-diameter fluorescent polystyrene spheres embedded in a 0.48 wt. % agarose gel at a volume fraction of 0.2% and in the presence of 0.025% by mass of the surfactant Triton X-100, added for stabilization. Light scattering was performed at angles between 20.6°and 55.1°. The particles are constrained by the gel so that their maximum displacement ͗r 2 ͑ 3 ϱ͒͘ is less than 1͞q 2 so the correlation function does not decay completely. In the light-scattering literature, samples such as this are commonly, albeit not strictly correctly, referred to as nonergodic. The correlation functions do not fully decay and depend strongly on the particular scattering volume being probed. This is illustrated in Fig. 4 where we show several correlation functions taken from different scattering volumes at a scattering angle of 28°. By themselves, these correlation functions appear to be an unrepeatable measure of the sample; we show below that these data can be corrected to account for the static component of the scattered intensity.
Data Interpretation
There are several important potential problems in interpreting DLS data obtained with a microscope that must be investigated. The first problem that can arise is the contribution of the non-Gaussian number fluctuation effect, which occurs if the number of particles in the scattering volume is small. This is most likely to be a significant problem for the optically ergodic samples, as the particles in these samples are typically completely unconstrained and can diffuse throughout the sample. By contrast, for a nonergodic sample such as the one measured in Figs. 4 -6, the particles are typically sufficiently con- Fig. 2 . Here we can see the ability of the instrument to work at long times and large displacements by studying 0.5-m spheres in a glycerol and water mixture. Note the excellent agreement between measurements at different angles and the agreement with the power law expected for purely diffusive motion. The lower figure displays the field correlation function ͑solid curve͒ taken from an average of 30, 11-s correlation functions and an exponential fit ͑dashed curve͒ taken at a scattering angle of 44.7°. The error bars ͑plotted at every fifth point͒ are statistical based on the variation between individual correlation functions. strained spatially that they do not diffuse into or out of the beam, thus there are no number fluctuations.
The problem of number fluctuations will be exacerbated when a small beam-spot size is used, as the total scattering volume will then be limited. This will, however, most often be the case for highly inhomogeneous samples. By contrast, for morehomogeneous samples, the spot size can be larger, and number fluctuations will not be severe. Thus for the DLS data from the polystyrene spheres in the water and glycerol mixture, the beam size was approximately 50 m in diameter, and the sample thickness was approximately 100 m. Thus the total illuminated volume was approximately 2 ϫ 10 6 m 3 , which contains approximately 10,000 particles; this should be more than sufficient to prevent number fluctuations from being a problem.
To demonstrate the lack of non-Gaussian contributions, we convert the data from the correlation functions into the mean-square displacements of the beads. We assume that all the particles are completely statistically independent and that each particle has sufficient mean-square displacement that ͗⌬r
. Then the normalized field autocorrelation function should be
where the intensity and the field correlation functions are connected by the Siegert relation g 2 ϭ 1 ϩ ␤g 1
2
. Here the factor ␤ determines the coherence of the detection scheme; for the single-mode optical fibers used here, ␤ Ϸ 1. We use Eq. ͑1͒ to invert the data and calculate the mean-square displacement of the particles. The results are plotted in Fig. 2 , where we show ͗⌬r 2 ͑͒͘ for all the different angles. The data superimpose extremely well, confirming our success in obtaining the correlation functions at different angles with the microscope. In addition, the data are perfectly linear on this logarithmic plot over the full range accessible to our measurements. This confirms the lack of any contributions of number fluctuations that would have distorted the inferred ͗⌬r 2 
͑͒͘.
The second potential problem for performing DLS measurements with a microscope can arise when the scattering is optically nonergodic, as is the case for the agarose data discussed above. Here the correlation functions must be corrected to properly account for the contribution of the static scattering intensity, which varies strongly with the location of the detector and the position of the sample. Several methods have been proposed for analyzing DLS for nonergodic samples. The simplest scheme is to move the sample while the data are being collected, thus performing an ensemble average. 3 In standard DLS setups, this is most easily accomplished by rotating or translating the sample. A second method involves making a careful measurement of the correlation function at a single point and then measuring the average scattering intensity by rotating or translating the sample. 2 The scattered electric field is expressed as a sum of a fluctuating E͑t͒ and constant components E c . 4 The data contain both homodyne and heterodyne terms ͉͑E͑t͒E*͑t͉͒ and ͉E c E*͑t͉͒͒, respectively, and the field correlation function can be extracted from this data using
where
͗͞I͑t͒͘ is the contribution from the heterodyne signal and must be measured separately. To measure the denominator of Y, we separately average the static scattering intensity over many speckles,
The numerator is the time-averaged intensity measured during collection of the correlation function. For the ratio of time-tospeckle averaged intensities, Y can be less than, equal to, or greater than 1.
Although either of these two methods works well, for many samples the second technique is preferable, as it allows more-slowly decaying samples to be studied. 18 The reason for this improvement is that the critical quantity that must be measured in both cases is the average scattered intensity, which is used to properly normalize the correlation function. To obtain an accurate value, this intensity must be averaged over a large number of independent speckles; for example, 1% accuracy requires measurement of 10 4 independent speckles. In the first technique, the need to move the sample over this number of speckles during the course of the measurement sets the minimum rotation rate, given the length of the total measurement. This rotation rate in turn limits the longest measurable decays; the contribution of decays that are slower than the rate of motion between speckles are obscured by the contribution of the motion of the sample to the total decay. By contrast, the second method relies on a completely independent measure of the average static scattering, which can be done rapidly; then the dynamic measurement can be done for the full duration of the experiment. This allows longer decays to be measured, albeit with reduced accuracy. Nevertheless, it is still possible to probe significantly longer decays with the latter method, and this can be important for studies of viscoelastic materials with long relaxation times.
We use the second method to correct the correlation functions of the agarose gel to account for their optically nonergodic behavior demonstrated by the variability in Fig. 4 . To test that we can understand this heterogeneity as a nonergodicity in the language of Ref. 4 , we find that the average static scattering intensity NI 0 ͉ f ͉͑͒ 2 was measured by averaging measurements made from different regions within the sample. The individual correlation functions shown in Fig. 4 were then corrected for the speckle average using Eq. ͑2͒. As shown in Fig. 5 , the resultant corrected correlation functions and inferred displacements then collapse together as they must, indicating that we are successfully accounting for the optically nonergodic behavior. A more stringent test of these corrections is the comparison of the behavior of this sample for scattering at different angles. To make this comparison, we invert the data to obtain the mean-square displacement of the particles; this must be the same, independent of the angle of the measurement or the particular speckle studied. The raw correlation functions are completely different; nevertheless, when they are corrected for the speckle average and inverted to obtain the mean-square displacements, all the ͗⌬r 2 ͑͒͘ overlay for different sample volumes and for different scattering angles, as shown in Fig. 6 . This confirms that we are able to measure optically nonergodic samples with the microscope. The shape of the observed mean-square displacement is consistent with our expectations for a highly constrained system. At short times, ͗⌬r 2 ͑͒͘ increases with time, whereas at longer times, the data saturate, reaching a plateau.
The agarose data have a functional form expected for samples that are strongly elastic. The behavior at short times reflects the high-frequency elastic modulus dominated by the viscosity of the solvent. The plateau at longer times reflects the lowfrequency elastic modulus; it is related to the shear modulus by ͗⌬x 2 ͘ ϭ k B T͞aG, 1 where ͗x 2 ͘ is the value of the maximum mean-square displacement in one direction, a is the radius of the spheres, and G is the low-frequency elastic shear modulus. This is the long-time or low-frequency limit of the complete result that links the Laplace transform of the viscoelastic modulus G͑s͒ to the Laplace transform of the mean-square displacement ͗⌬x ͘. This is the modulus experienced by the beads within the pores in which they are located. However, it is significantly smaller than the bulk shear modulus measured for the same gel in a rheometer, which yields a value of approximately 10 4 dyn͞cm 2 . This suggests that the local environment of the beads does not reflect the average properties of the bulk medium, which in turn suggests that the characteristic length scale of the pores in the agarose gel are comparable with or larger in size than the probe beads. In support of this, other measurements of the dynamics of beads as a function of their size show that the pore sizes within the agarose are indeed comparable in size to the beads. 19 
Discussion
The data presented here demonstrate the feasibility of using a microscope for performing DLS. The main utility of the use of a microscope for DLS is to probe highly inhomogeneous materials in which the imaging capability of the optics can be combined with the scattering to allow particular regions to be probed. As the sample becomes ever more inhomogeneous and these regions become more localized, we can expect some limitations in the quality of the DLS data. The first concern will arise from the contribution of non-Gaussian number fluctuations; these will become ever more important as the size of the probe beam is decreased to investigate smaller regions. However, such effects can be incorporated into the interpretation of the DLS data if this becomes important. 20 A second, more subtle problem will arise when the sample is strongly inhomogeneous and the scattering is optically nonergodic. The correction to the autocorrelation function measured at any point requires knowledge of the average static scattered intensity. This must be collected by either rotating or translat- ing the sample. On a microscope, sample translation is certainly the simplest type of motion to implement, as most microscope stages are designed to do this. However, if the sample being studied is highly inhomogeneous, then translation will likely move the probe beam out of the region of interest. Then it will instead be necessary to rotate the sample to measure the average static intensity. This can be accomplished using a rotation stage mounted on the microscope. However, even with this means to determine the average, it may still be difficult to determine a true ensemble average, as required to properly interpret the data. The basic assumption used in obtaining Eq. ͑2͒ is that the medium is sufficiently spatially homogeneous to allow a meaningful ensemble average to be determined by rotating or translating the sample. If the scattering volume of interest is small, it may not be possible to determine a true ensemble average; each scattering direction may be sufficiently unique that a true average cannot be determined. However, this is likely to be a significant problem only when the sample is inhomogeneous and when the scattering volumes of interest are correspondingly small. Even then it should still be possible to obtain some average of the scattering intensity, albeit not a complete ensemble average, allowing a correction to be made even if it is not perfect. We emphasize, however, that the limitation placed on obtaining DLS in that situation is intrinsic to the sample itself, as it would simply be too small to possess a true ensemble average.
Conclusions
The development of a robust scattering microscope opens the possibility of investigating mechanical and transport phenomena that were previously inaccessible to light scattering. The study of micrometerscale physics requires the simultaneous application of several techniques to document complex relations. The microscope is designed for micrometer-scale investigations and thus forms an excellent platform for these purposes. The DLS microscope allows us to include light-scattering results when performing a wider range of experiments. In the case of agarose, a technologically important material used for separating macromolecules, it is possible to use the data presented here in more complete studies of the microenvironments found in weak agarose gels. This scattering microscope combines the high-quality imaging capabilities of a modern optical microscope with the ability of performing complementary, localized, light-scattering measurements.
